Constant miniaturization of electronic devices and storage media demands a detailed understanding of transport processes and structures on the atomic scale. In particular, interfaces between magnetic domains play an important role because of domain wall pinning at the interfaces. Here, we study the anisotropic magnetoresistance and the influence of domain walls on the resistance in Co and Co 80 Pt 20 films in contact with Pt leads as a function of the geometry and thickness of the ferromagnetic films. The calculations were performed by using a fully relativistic ab initio scattering approach ͑Korringa-Kohn-Rostoker͒ and the Kubo-Greenwood formalism. In particular, the relation between the width of the domain wall and its contribution to the magnetoresistance was calculated and compared to a model calculation by Levy and Zhang ͓Phys. Rev. Lett. 79, 5110 ͑1997͔͒. In the case of the current perpendicular to the plane geometry, the calculated decay of the domain wall magnetoresistance corresponds to the predicted 1 / L 2 ͑L= domain wall width͒ scaling behavior for the case of wide domain walls. For domain walls smaller than a critical width L min , a linear decay of the magnetoresistance is observed. A second type of domain walls with its magnetic orientation being partially out of plane was investigated. In this case, no 1 / L 2 behavior was found.
I. INTRODUCTION
The giant magnetoresistance ͑GMR͒ effect in systems with alternating ferromagnetic ͑FM͒ and nonmagnetic layers has been intensively studied during the last 20 years [1] [2] [3] [4] [5] [6] and is now widely used in technical devices, such as in read heads and in more future oriented magnetoresistive random access memory technology. The GMR effect originates from the dependence of the resistance on the relative orientation of the magnetic moments in two adjacent magnetic domains. Aiming for higher storage densities requires reduction of the size of the magnetic domains and, therefore, interfacial effects become more and more important. In the present paper, we consider the influence of domain walls near interfaces separating regions with different magnetic orientations.
It is known for long that domain walls will provide additional contributions to the magnetoresistance; 7 however, measurement of the domain wall magnetoresistance ͑DWMR͒ is quite challenging. In order to avoid contributions from the anisotropic magnetoresistance ͑AMR͒, the current has to be oriented perpendicular to the magnetic moments of the domain wall. The first attempts of measuring the magnetoresistance effect of a domain wall in a single magnetic film were undertaken by Gregg et al. 8 In the case of hcp͑0001͒ Co on Al 2 O 3 , they observed an increase in the resistance by 0.52 ⍀ cm ͑5%͒, which was ascribed to the presence of domain walls. Recently, direct measurements of the DWMR were performed by Prieto et al., 9 who investigated a thin Permalloy ͑Py͒/Gd/Py system, for which in the case of antiparallel alignment of the Py layers, the magnetic moments of the Gd film form a Bloch wall. Hassel et al. 10 measured the DWMR in polycrystalline Co-Pt wires, generating the domain walls by ion beam radiation.
Besides the dynamic properties of domain walls in thin films, which can be well described by Monte Carlo simulations, 11 quantum mechanical models were developed to investigate the influence of domain wall width and mobility on the electric transport, e.g., the DWMR. 12, 13 Simultaneously, ab initio descriptions of the DWMR based on the Green's functions techniques were developed. Early calculations of van Hoof et al. 14 applying the Landauer formalism to transition metal films showed the importance of domain walls on the magnetoresistance. Alternatively, Yavorsky et al. 15 investigated Bloch walls in bcc Fe by using the linearized Boltzmann equation. They observed oscillations of the GMR as a function of the domain wall width, which they ascribed to quantum well states near the Fermi level. Ab initio transport calculations of Gallego et al. 16 showed the influence of Bloch walls on the AMR in Py. They investigated domain walls with the magnetization oriented parallel to the plane of layers ͑here, the x -ŷ plane͒ and current in plane ͑CIP͒ ͑parallel to the x direction͒.
Our aim is to study the DWMR of Co and Co 80 Pt 20 layers by using a fully relativistic noncollinear first principles method, which is suitable for simulating the impact of domain walls on electrical transport. Assuming a perpendicular alignment between the magnetic moments in the domain walls and the electric current direction ͑see Fig. 2͒ , we are able to directly calculate the magnetoresistance due to the domain walls without having contributions from the AMR involved. Early magneto-optical experiments of Zepper et al. 17 showed that the magnetic orientation in the Co-Ptlayered system depends on the thickness of the Co layer. The magnetic moments in ultrathin Co films prefer an orientation perpendicular to the planes, turning to in-plane orientation with increasing thickness of the FM film due to the magnetocrystalline anisotropy. In order to take into account the orientation dependence of the magnetic moments, we have studied two different configurations. In the first case, we consider a domain wall of Bloch type, which has been oriented in the plane of layers with the current perpendicular to the plane ͑CPP͒ geometry ͓see Fig. 2͑a͔͒ . In order to allow outof-plane orientation of the magnetic moments in thin Co films, in the second configuration we consider the magnetic moments oriented in the ŷ -ẑ plane and current flowing in the x direction, i.e., the CIP geometry ͓compare Fig. 2͑b͔͒ . In general, the width of domain walls depends on the magnetocrystalline anisotropy of the material with decreasing width for increasing anisotropy energy. 18 Co and Co x Pt 1−x ͑0.72 Յ x Յ 0.8͒ possess a large magnetocrystalline anisotropy and the width of the domain walls in these systems is rather small, i.e., on the order of 10 nm in Co, a range that is accessible to ab initio methods.
The large magnetocrystalline anisotropy makes Co and CoPt interesting systems for ab initio investigations because domain walls in hard magnetic materials are rather small compared to the case of soft magnetic materials such as Fe. Although there is no doubt that domain walls contribute to the magnetoresistance of multilayers or nanowires, there is not much known about the DWMR on the atomic scale, especially in the case of very thin magnetic layers. Experimental data are often compared to the model of Levy and Zhang, 12 which allows us to discuss the experimental results and which predicts that the DWMR decreases with 1 / L 2 , where L is the width of the domain wall.
This paper focuses on an analysis of the different contributions to the magnetoresistance in Co or Co-Pt films. All investigated films are grown in the fcc͑001͒ direction, which is in accordance with the experimental condition of Leven 19 for Co-Pt nanowires with a fcc crystal structure, and the experimental setup of Dumpich 20 for Co nanowires being partially fcc. The dependence of the magnetoresistance on the thickness of the FM layer will be discussed as well as the geometry ͑CIP or CPP͒. Here, all systems are twodimensional translational invariant, i.e., periodic boundary conditions are implied only for the in-plane directions. 21 This allows us to address the issue of the top electrodes, which we take as bulk Pt or vacuum, respectively, permitting us to explore how far the simplifying assumption of a semi-infinite Pt bulk system on top of the film influences the magnetoresistance of the system.
II. MODEL AND COMPUTATIONAL METHODS
As mentioned before, a relativistic spin-polarized version of the screened Korringa-Kohn-Rostoker method has been employed in the electronic structure calculations. 22 The exchange correlation energy is described in the local density approximation by adapting the formulation of Vosko et al. 23 Alloy formation has been included within the coherent potential approximation.
The investigated Co and Co-Pt films are embedded between two semi-infinite systems. We use fcc Pt͑001͒ as the substrate and electron source and optionally fcc Pt͑001͒ or vacuum on top of the FM film ͑see Fig. 1͒ . Hence, periodic boundary conditions apply only in the film plane ͑x -ŷ plane͒, which leads, in contrast to experiment, to an infinite cross section area.
Since the semi-infinite systems are not included in the self-consistent electronic structure calculation of the film, a particular number of extra Pt and/or vacuum layers have been added to the FM film,
where the number of buffer layers ͑j , k͒ is 9-11 in the case of Pt and 3 Յ l Յ 5 in the vacuum case. The total number of layers corresponds to S = m + j + k͑+l͒. No lattice relaxations have been taken into account; instead, the bulk lattice constant of fcc Pt, a = 3.924 Å, is used in all calculations.
A. Description of domain walls within ab initio methods
The investigated systems consist of S layers composed of two magnetic domains of width S / 2 if m is even. In the case of S being odd, the two domains have the width ͑S +1͒ / 2 and ͑S −1͒ / 2. Assuming that the magnetic moments of two domains are aligned antiparallel, a direct flip of the magnetic orientation at the interface will be energetically unfavorable. From experiment, it is known that this problem is usually overcome by the formation of a domain wall at the interface, 18 which minimizes the magnetostatic energy. This was also confirmed by previous ab initio calculations for Co and Co-Pt alloys. 24 In the case of a 90 Å thick Co 80 Pt 20 film, the energy difference between a direct flip of the magnetic moment and a domain wall configuration amounts to 7 mRy/ layer ͑see Ref. 25͒ .
For all systems presented here, the layers are arranged parallel to the x -ŷ plane. Starting from a collinear magnetic configuration, in which the two domains of width m 1 and m 2 are aligned in parallel,
͑1͒
with S = m 1 + m 2 , we define the domain wall configuration as follows:
The vectors n p ␣ and n 0 represent the orientation of the magnetic field in the layers. By taking into account that the magnetic orientation in CoPt-layered systems strongly depends on the thickness of the FM Co layer, we have investigated two different types of magnetic configurations. An in-plane orientation for which Periodic boundary conditions have been applied in the x -ŷ direction. In the ẑ direction, the actual multilayer is covered by two semi-infinite Pt͑001͒ systems. S describes the thickness of the multilayer, i.e., the number of atomic layers in the ẑ direction.
n 0 in Eqs. ͑1͒ and ͑2͒ is oriented parallel to the x axis, which is preferred by thick Co layers, and a second configuration, which is realized in thin Co layers with n 0 ʈ ẑ. The domain walls are oriented with respect to these configurations parallel to the x -ŷ plane in the first case and in the ŷ -ẑ plane in the latter one ͑cf. Fig. 2͒ . In the domain walls, the magnetic orientation changes from layer to layer by a constant angle. In spherical coordinates, the magnetic orientation n p ␣ of a layer p is given by
which is different from the arctanlike shape that is usually used in the phenomenological Ginzburg-Landau theory. 26 It has been shown that the arctan profile is the exact micromagnetic solution if the system size is large compared to the domain wall width. However, in the limit that L and the system size are comparable, the profile changes into a coslike shape. 27 Furthermore, Schwitalla et al. 28 also showed that such simplified profiles are suitable in the ab initio description of Bloch walls in ferromagnets. For a detailed discussion of how to calculate Bloch walls from first principles and a comparison to the results from the Ginzburg-Landau theory, we refer to their paper. 28 Since the width of the largest investigated domain wall in our work barely reaches the experimentally determined width, we have used the cos profile in all our calculations. For energetic details of domain wall formation for Pt/Co/Pt and Pt/CoPt/Pt, see Ref. 25 .
Here, we limit the discussion to the magnetoresistance in alike systems.
B. Magnetoresistance
The AMR is defined as the difference of resistances ʈ and Ќ , where ʈ and Ќ refer to the relative orientation of current and magnetic moments,
The magnetoresistance caused by a domain wall in a FM layer can be described by
where 0 is the resistance of the FM reference state C 0 ͓see Eq. ͑1͔͒ and L is the resistance of the same system, but for the domain wall configuration C L ͓cf. Eq. ͑2͔͒. We make use of the Kubo-Greenwood equation, which provides the diagonal elements of the conductivity tensor ͑ ʦ ͕x , y , z͖͒, in order to investigate the different magnetoresistive contributions to Pt/Co/Pt and Pt/ Co 80 Pt 20 / Pt trilayers. 21, 29 The elements of the conductivity tensor depend on the size of the system S, the magnetic configuration C, and the imaginary part ␦ of the complex Fermi energy E F = F + ␦. The use of the complex energy is favorable when performing k-space integration and handling surface Green's functions. For given C and S, the actual sheet resistance is determined in the limit ␦ → 0. This is achieved by calculating the elements of the conductivity for finite values of ␦ and numerical continuation to the real axis. Since the AMR and DWMR are relatively small quantities, the integrals over the surface Brillouin zone have to be calculated with high accuracy. The number of k points used in the irreducible part of the Brillouin zone amounts to 21.000 k ʈ points for the Pt covered systems and to 45.150 k ʈ points in the case of vacuum.
For the CPP geometry ͑current parallel to the surface normal͒, the Kubo-Greenwood equation can be used to calculate the conductivity in the steady state. 30 The resistance is then obtained by summing over all contributions,
where pq ͑S , C͒ corresponds to the resistance related to the current in layer p and the electric field in layer q. However, pq ͑S , C͒ depends on the thickness of the film S, the imaginary part ␦ of the complex Fermi energy, and the magnetic configuration C. The actual sheet resistance is obtained for tively, where C 0 Ј corresponds to the collinear magnetic configuration with magnetic moments aligned parallel to the CPP current ͑see Fig. 3͒ .
In the case of the CIP geometry, the calculation of the conductivity is straightforward. The conductivity directly follows from the Kubo-Greenwood equation and yields ͑S , C L ͒ with ʦ ͕x , y͖. The resistivity is then given by
and the CIP AMR is determined by 16
Here, the current direction changes between ʈ and Ќ , whereas the magnetization direction is kept constant. This is different from the experimental setup, in which the current direction is fixed and the magnetization rotates. However, the AMR depends only on the relative orientation between the two quantities and the results are independent of whether the current or the magnetization direction is changed. We have also investigated the AMR by using a slightly different definition, in which we rotate the magnetic field instead of the current ͑see Fig. 4͒ ,
When we replace the collinear magnetic configurations C 0 and C 0 Ј by a noncollinear configuration C L , as defined in Eq.
͑2͒, one obtains the dependence of the magnetoresistance on the relative orientation of current and magnetic configuration. Within our nomenclature, the DWMR then has the following form:
where ʈ and Ќ correspond to the current direction in plane or perpendicular to the planes, respectively. Now, the conductivity as described in the Kubo-Greenwood formalism contains vertex corrections. Here, only vertex corrections have been included, which arise from the layer dependence of the electric field by the inverting Ohm's law j = E to E = ͐͑z , zЈ͒dzЈ; for a detailed discussion, we refer the reader to Ref. 31 . The error, which is made by neglecting further vertex corrections, is discussed by Tsymbal and Pettifor. 32 They investigated the influence of vertex corrections on the conductivity of Co/Cu and Fe/Cr multilayers and concluded that the changes in the conductivity due to vertex corrections is always smaller than 1% ͑see also Ref. 33͒.
III. RESULTS AND DISCUSSION
A. Anisotropic magnetoresistance
Pt/Co/Pt(001)
The AMR can be regarded as a measure of the relative orientation dependence of the current and magnetic field in a FM system, including the two extreme cases for which the two quantities are aligned parallel or perpendicular to each other. In Co and Co-Pt nanowires, the AMR was reported to be about 1%. 20 However, the absolute value of the AMR is related in addition to the geometry of the sample. Furthermore, in theory we can apply the current parallel and perpendicular to the plane of layers, whereas experimentally, only one geometry is used; for example, only the CPP geometry is used in nanopillars. Experimental studies are often restricted to a certain range of film thicknesses, whereas a systematic variation of the film thickness can easily be done within our theoretical approach. However, the variation in the film thickness is restricted by the computational effort, which is relatively large due to the high accuracy needed for the k-point integration ͑cf. Sec. II͒. The investigated systems comprise the range of interest to studies related to the determination of transport properties of layered structures, such as Hall-effect measurements in nanopillars, 34 investigations of the magnetoresistance of thin wires, 19 and the influence of magnetocrystalline anisotropy in multilayers. 17 The AMRs of ͑001͒-oriented Pt/Co/Pt systems as obtained from the Kubo-Greenwood approach are plotted in Fig. 5 . 4 . ͑Color online͒ Schematic of the magnetic configurations used in CIP calculations for Ќ . ͑a͒ The current flows parallel to the x direction and the magnetic moments for ʈ are oriented in the same direction. For Ќ , the magnetization is aligned parallel to the ẑ direction. ͑b͒ Here, the current direction is changed between ʈ ͑J ʈ x ͒ and Ќ ͑J ʈ ŷ ͒. In experiment only, the direction of the magnetization can be changed, but for the AMR, only the relative orientation between current and magnetization plays a role.
The results are given for both symmetries: CIP and CPP. In the case of an in-plane current, two possibilities defining Ќ exist ͓see Eq. ͑3͔͒. If we assume that the current direction is aligned parallel to the x direction, the magnetic moments can be oriented either parallel to the ŷ or to the ẑ direction, which defines the transverse or perpendicular AMR, respectively. In the present work, we mainly focus on the transverse AMR with in-plane magnetic orientations because out-of-plane magnetization has only been observed for systems with very thin Co layers. 35 For Co film thicknesses of 23.6 Å or larger, the average value of the transverse AMR amounts to, in average, 2.4%. For thinner Co films, the AMR shows distinct oscillations with the Co thickness. This type of oscillations is related to the geometry and seems to be similar to the oscillations observed in supercell calculations due to quantum confinement. 36, 37 In the case of CPP geometry, the AMR is considerably smaller, being on the order of 0.63% ͑m Ն 17 monolayers͒. The CPP AMR results are close to the experimental values of 0.7%-0.8% for bulk Co and 1% for Co films and wires. 38, 39 The fact that the CIP AMR is large compared to the CPP one and the experimental values seems to be related to the underlying lattice structure. As mentioned in Sec. II, lattice relaxation effects are not included, and for the lattice spacing the Pt lattice constant was used. Calculations for a bulklike Co system support the assumption that the overestimation of the CIP AMR is related to the underlying bulk system because a ͑001͒-oriented Co layer ͑m =48͒ with Co contacts ͑lattice constant a = 3.53 Å͒ give a transverse AMR value of 0.74%, which is in good agreement with the experimental results. 10 The origin of the negative AMR values will be addressed below in conjunction with the discussion of the influence of the surface Pt layer.
Co-Pt multilayer
Nanopillars and thin films used in realistic devices are commonly built of multilayers or alloys instead of pure FM metals. 40 Therefore, we address now the issue in how far the MR changes when we replace the Co film by a Co-Pt multilayer. The investigated multilayers consist of N ͑Co 2 Pt 7 ͒ ͑1 Յ N Յ 7͒ bilayers with j = 11 and j = 4 Pt buffer layers on the top and bottom of the actual multilayer ͑cf. Sec. II͒, such that N = 1 corresponds to the Pt 11 / Co 2 / Pt 11 trilayer ͑Fig. 6͒.
In contrast to the previously discussed Pt/ Co n / Pt trilayers, no thickness dependent oscillations are observed in the AMR. Calculations for the CIP geometry yield negative AMR values, which are constant for N Ͼ 2. The transverse AMR is about −2%, whereas the perpendicular AMR amounts to −1.3%. The differences between the two values are related to numerical errors due to the fitting procedure. The negative sign seems to be an artifact of the semi-infinite Pt system on top of the multilayer ͑see the discussion in Sec. III A 3͒. The CPP AMR increases with the number N of bilayers being about 8% for N Ն 7 and monotonically increases with the number of bilayers and in a logarithmiclike manner. To our knowledge, such large AMR values have not been experimentally observed so far for Co-Pt films and may result from the use of equilibrium Green's functions and, hence, the neglect of spin-accumulation effects at the interfaces. Obviously, the differences between the CIP and the CPP AMRs for small N are related to the results obtained for a single trilayer ͑N =1, m =2͒, where the CIP AMR is also negative in the case of m = 2, i.e., the behavior of the AMR in Co-Pt multilayers is essentially determined by the number of Co layers per bilayer and less by the total thickness of the Co-Pt film. 
Pt/Co/Pt/vacuum
In fact, the assumption of a semi-infinite Pt lead on top of a Co layer is a simplified model of a real metallic contact layer. However, in transport experiments, the top coat is often relatively thin, amounting to 1-2 nm in the case of Co and Co-Pt wires covered by Pt like in Refs. 19 and 38. In order to check whether the negative AMR values obtained for ͑001͒Pt/CoPt͑001͒ are related to the constitution of the top electrode, we recalculated the AMR of the trilayers by replacing the semi-infinite Pt system by a finite Pt top coat consisting of nine Pt layers. In this case, one semi-infinite system is replaced by vacuum ͑see Sec. II͒. The influence of the vacuum on the electrostatic Madelung potential is shown in Fig. 7 for the case of Pt͑001͒ / Pt 9 / Co 27 / Pt 9 / vac 3 / vacuum ͑semi-infinite͒, wherein three vacuum layers are included in the self-consistently calculated part of the multilayer. The Madelung potentials of the Pt layers tend to the bulk value ͑zero͒, whereas the values of the Co layers lie 0.15 Ry higher in energy. Considerable variations in the Madelung energy can only be observed close to the Pt-Co and Pt-vacuum interfaces. However, in both cases, the Madelung potentials very rapidly approach the Co value or the calculated vacuum level of 0.467 Ry. Since charge transfer effects at the metal vacuum interface seem to be very short ranged, we first used a constant vacuum level in the AMR calculations. Except for very thin Co films, the magnitude and the thickness dependences of the AMR are very similar to the previously discussed case of Pt͑001͒ / Co m / Pt͑001͒ trilayers. For thin Co layers, the AMR values are smaller compared to those for the previous case without vacuum; in the case of m =2, we obtain R = −0.37% instead of −5.38%.
By taking into account the exact electrostatic potential of the vacuum buffer layers, we obtain drastic changes for the AMR, as shown in Fig. 8 . The strong oscillations observed for thin Co films have vanished and all of the AMR values are positive. However, the most distinct differences occur for larger film thicknesses. The AMR values are reduced by a factor of 2, now being ϳ1.1% ͑averaging results for m Ͼ 10͒, which is in very good agreement with the experimental results. As mentioned in Sec. II, the resistivities have been calculated in the complex energy plane, which means that a finite imaginary part is attributed to the Fermi energy. In order to obtain the actual resistivities, we have to extract the ␦ → 0 value, 33 which has been done by a linear fit to the ␦-dependent resistivities. The error in this fitting procedure is about 2%-6% for CIP conductivities. The actual magnitude depends on the type of the system, i.e., the vacuum capped systems give somewhat larger errors compared to the case of Pt covered trilayers. In the case of vacuum being included in the self-consistently calculated part of the super cell, a linear behavior could only be achieved for ␦ Ն 2 mRy. In the CPP geometry, the errors are below 0.5%.
B. Domain wall resistance
Besides the natural anisotropic magnetoresistance, which a single domain structure establishes, additional contributions arise in the more interesting case of multidomain structures, such as the domain walls that occur at the interfaces of regions with different magnetic orientations. Here, the magnetoresistance of domain walls in Co and Co 80 Pt 20 alloy films with Pt contacts has been studied by adopting Eq. ͑4͒. In order to avoid contributions from the AMR, it has to be ensured that the domain wall is always oriented perpendicular to the current. Assuming that the current J is aligned parallel to the surface normal ͑ẑ direction͒ ͓see Fig. 2͑a͔͒ , the magnetic reference configuration C 0 and the domain walls are oriented parallel to the plane of layers with C 0 = ͕x , ... ,x ͖ ͓Eq. ͑1͔͒. However, ultrathin ͑Ͻ5 Å͒ Co films between Pt layers possess a perpendicular magnetocrystalline anisotropy at surfaces and interfaces, which provokes an out-of-plane orientation of the magnetic moments. 35 Therefore, we consider a second configuration with an out-ofplane orientation of the domain wall with the magnetic orientation rotating in the ŷ -ẑ-plane and the J orientation parallel to the x direction ͑CIP͒ ͓cf. Fig. 2͑b͔͒ . The reference configuration corresponds to C 0 = ͕ẑ , ... ,ẑ͖. The widths of the FM layers used to study the DWMR are m = 30, 45, and 60 layers of Co. In the case of Co 80 Pt 20 , only m = 45 has been taken into consideration. The FM layer is assumed to consist of two magnetic domains and a domain wall in between ͓see Eq. ͑2͔͒. The domain wall widths range from six monolayers to the full size of the FM layer. In the case of extremely tiny walls with widths on the order of 1 nm, which are under normal conditions not observed in nature, the DWMR values are uncommonly high, being approximately 5% for Pt/Co/Pt in the CPP geometry ͑Fig. 9͒ and even 17%-18% in the CIP geometry ͑Fig. 10͒. The CPP DWMR of Co 80 Pt 20 alloy films is considerably smaller, being Ͻ3.5% for m = 6. For the largest investigated systems, we are already in the range of realistic domain wall widths of Co systems. 18 The DWMR is then about 0.5% ͑CPP͒ and 2.8%-3.5% ͑CIP͒.
As expected, the DWMR diminishes with increasing width of the domain wall. Levy and Zhang 12 claimed that this decrease should be on the order of 1 / L 2 , where L is the width of the domain wall. Within the present ab initio investigations we are able to verify this model at least for large domain wall widths. Since their model was made for macroscopic systems, it could not be implied that it would also hold for relatively small domain wall widths in which the magnetization changes relatively abruptly. Our calculations show that systems with extremely tiny domain walls show deviations from the expected 1 / L 2 behavior. In these cases, the DWMR seems to linearly decrease with the width of the domain wall. In order to determine the onset of the 1 / L 2 behavior, we fit our results to the following expression:
where L min determines the minimum width of the domain wall, which is needed to observe a quadratic, 1 / L 2 , decay. According to Eq. ͑11͒, the DWMR in systems with L Ͻ L min is assumed to linearly decay with the domain wall width. The prefactor a in Eq. ͑11͒ can be viewed as a measure of the absolute size of the DWMR; the larger a is, the larger the DWMR is. In the case of out-of-plane currents, the calculated values fit well this expression ͑see Fig. 9͒ . The onset of the expected 1 / L 2 behavior depends on the actual structure of the ferromagnet and the width of the FM layer. In systems with pure Co films, L min ranges from 15.23 to 37.8 monolayers, whereas in the case of the Co 80 Pt 20 alloy, L min is twice as large as in the Co case ͑see Table I͒ . However, small deviations from the assumed shape ͓Eq. ͑11͔͒ are observed if L and the width of the FM layer m are of the same size. These deviations can be traced back to the fact that in the considered systems, the domain wall and the FM domains are the same and the DWMR is already quite small, which makes the calculation slightly more faulty than for smaller L. Apart from this small discrepancies, the calculated DWMR follows the predictions from Levy and Zhang 12 for domain wall widths larger than L min .
Whether the prediction of 1 / L 2 decay also holds for domain walls oriented in the ŷ -ẑ plane and in-plane currents has been studied for Co films with m = 45 and 60. As mentioned above, the DWMR strongly decreases with increasing width of the domain wall, whereby no significant dependence on the wall width is observed. In contrast to the previously discussed CPP case, the calculated DWMR for the largest domain walls exceeds the expected value by a factor of 3, being 2.8% in the case of m = 50 monolayers. In consideration of the previous discussion concerning the influence of the top electrode on the magnetoresistance, the large DWMR is not surprising. The slight overestimation can be ascribed to the choice of the top contact, which is bulk Pt instead of vacuum. However, as in the previous case a linear slope is observed in the limit of small domain walls, but with increasing width of the domain wall, the calculated magnetoresistance deviates from the predicted 1 / L 2 behavior. If the domain wall width becomes larger than 7 nm, the slope of the DWMR is more or less zero; i.e., in this case, the DWMR seems not to obey the prediction by Levy and Zhang.
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IV. CONCLUSIONS
We have studied the magnetoresistance of Co and Co 80 Pt 20 films with Pt contacts by using a first principles scattering approach, namely, the SKKR method and the Kubo-Greenwood formalism, in order to determine the conductivity and the magnetoresistances of these systems. All of the calculations have been fully relativistically performed to allow for the calculation of the AMR, which depends on spin-orbit coupling. The influence of domain walls on the magnetoresistance just as the AMR have been investigated for FM layers with different widths and orientations. For the current perpendicular to the plane geometry ͑CPP͒, the AMR compares well to the experimental findings of Ϸ0.5% -1%. 18 In the case of the in-plane geometry ͑CIP͒, the results depend on the structure of the top contact, i.e., a semi-infinite Pt bulk system gives slightly higher AMR values as compared to systems with thin Pt top coats and semi-infinite vacuum. The magnetoresistance of the latter one is in a good agreement with experimental results.
The influence of domain walls on the magnetoresistance has been investigated for selected widths of the FM layer ranging from 45 to 60 monolayers ͑8.83-11.77 nm͒ in view of the width dependence of the domain wall magnetoresistance. We have performed calculations for two different symmetries, namely, domain walls with magnetic orientation parallel to the plane of layers ͑x -ŷ plane͒ and walls being oriented in the ŷ -ẑ plane. The current was always perpendicularly oriented to the domain walls. In the case of in-plane domain walls, the DWMR rapidly decreases with increasing width of the domain wall L. For small domain wall widths, the DWMR decays with 1 / L, which gives way to a 1 / L 2 behavior for larger wall widths. The transition from linear to quadratic decay depends on the FM material, which is Co or Co 80 Pt 20 here, and the thickness of the FM layer. In the case of pure Co, the onset of the 1 / L 2 behavior can already be observed for L Ϸ 30-74 Å, whereas in Co 80 Pt 20 , the transition from linear to quadratic decay takes place for larger widths of the order of L Ϸ 120 Å. In the case of ŷ -ẑ-oriented domain walls, we obtain also a linear decay for small domain wall widths, but no 1 / L 2 behavior could be observed. For the latter geometry, the DWMR mainly becomes constant for large wall widths. However, the magnetic configuration chosen here is favorable for very thin Co films in Pt/Co/Pt trilayers; 35 therefore, thicker Co films would naturally not provide domains oriented parallel to the surface normal. In how far the bulklike Pt top electrode is also responsible for the constant slope could not be decided and has to be studied in future work.
